Two-dimensional (2D) van der Waals (vdW) magnetic materials have recently been introduced as a new horizon in materials science and enable the potential applications for next-generation spintronic devices. Here, in this communication, the observations of stable Bloch-type magnetic skyrmions in single crystals of 2D vdW Fe3GeTe2 (FGT) are reported by using in-situ Lorentz transmission electron microscopy (TEM). We find the ground-state magnetic stripe domains in FGT transform into skyrmion bubbles when an external magnetic field is applied perpendicularly to the (001) thin plate with temperatures below the Curie-temperature TC. Most interestingly, a hexagonal lattice of skyrmion bubbles is obtained via field cooling manipulation with magnetic field applied along the [001] direction. Owing to their topological stability, the skyrmion bubble lattices are stable to large field-cooling tilted angles and further reproduced by utilizing the micromagnetic simulations. These observations directly demonstrate that the 2D vdW FGT possesses a rich variety of topological spin textures, being of a great promise candidate for future applications in the field of spintronics.
their unique topological number. 21 For example, magnetic skyrmionic bubbles with various topological spin textures have been experimentally discovered in a range of centrosymmetric magnets, such as perovskite manganites, 21, 22 hexagonal MnNiGa alloys, [23] [24] [25] and layered kagome Fe3Sn2 magnets. 26, 27 More importantly, recent theoretical and experimental works have discussed the emergence of topological spin textures including magnetic skyrmions in 2D vdW materials and their heterostructures for future spintronic applications. 28, 29 These findings inspire us to investigate the magnetic domain structures and magnetization dynamics of 2D vdW FGT crystals using Lorentz transmission electron microscopy (TEM).
Here, in this work, we report on a Bloch-type magnetic skyrmion bubble which can indeed be observed in the single crystal sample of 2D vdW FGT. Owing to the competition between uniaxial magnetic anisotropy and magnetic dipole-dipole interactions, at temperatures below TC, we found that the magnetic stripe domains in FGT thin plates turn into magnetic skyrmion bubbles with magnetic field applied perpendicularly to the (001) plane. Moreover, a high-density hexagonally-packed lattice of skyrmion bubbles emerges by a simple field-cooling process and keeps stable after reducing the magnetic field to zero. Owing to their topological stability, the skyrmion bubble lattices are stable to large field-cooling tilted angles and further reproduced by utilizing the micromagnetic simulations. These observations directly demonstrate that the 2D vdW FGT possesses a rich variety of topological spin textures, being of a great promise candidate for future applications in the field of spintronics.
Single crystal Fe3GeTe2 were synthesized by using the self-flux technique with a 5 mixture of pure elements Ge (99.9999%), Fe (99.99%) and Te (99.995%) [see Methods
for details]. As schematically shown in Figure 1a , b, 2D vdW FGT belongs to space group P63/mmc with two Te layers separated by a layered Fe3Ge hetero-metallic slabs.
There are two inequivalent Fe(1) and Fe (2) atoms in the Fe3Ge slabs, forming two separated triangular lattice Fe(1)-Fe(1) layer and a Fe(2)-Ge hexagonal atomic ring layer. 11 Figure 1c shows the typical X-ray diffraction (XRD) pattern of a bulk FGT single crystal which agrees with the recent work. 30 One can notice that the XRD pattern represents only the (0 0 2n) Bragg peaks (n=1,2,3,4,5,6), indicating that the studied surface is the ab plane of FGT crystal. The crystal structure of FGT crystals was further examined by atomic resolution scanning transmission electron microscopy (STEM), as shown in Figure 1d atoms. The thickness and composition of the FGT thin plate was determined by electron energy loss spectrum (EELS) and scanning energy dispersive x-ray (EDX) spectroscopy, demonstrating the uniform element distribution of Ge, Fe, and Te across the surface (see Figure S1 and S2, SI).
In Figure 1f , the zero field cooling (ZFC) and field cooling (FC) M(T) curves are measured with external field H = 100 Oe applied both parallel to the c direction and in the ab plane. Clearly, a paramagnetic to ferromagnetic transition approximately observed at TC ~ 150 K with both directions, consistent with previous reported for the 6 flux-grown samples. 31, 32 The magnetization of the two direction (H//ab and H//c) exhibit a distinctive difference which is caused by the magnetic anisotropic character of FGT crystals. Moreover, when H//c, the FC and ZFC plots occur a bifurcation below similar as other typical frustrated magnets 26, 27, 33 . The inset of Figure 1f Figure 2a ). We noticed that, at temperatures below TC ∼ 150 K, the magnetic stripe domains emerge with an average width of ~120 nm as shown in Figure   2b . This value is comparable to that in the MnNiGa 23 and Fe3Sn2, 26 while roughly two times larger than in the La1-xSrxMnO3 (x=0.175). 22 The characteristic bright and dark magnetic contrast appears in the sample indicating that the spin of the magnetic stripe domains stands upward and downward along the magnetic easy axis which are separated by Bloch domain walls. As the temperature decreased, the magnetic stripes became widen and distinct while the domain wall still remained the original state. One should note that, the critical temperatures of the Lorentz-TEM sample is consistent with that of the bulk samples. 7 To confirm the variation of magnetic stripe domains under an application of magnetic field, we then investigated the magnetic domain texture evolution under different magnetic fields at T = 110 K, shown in Figure 2e -h. The magnetic field was applied along [001] direction by increasing the objective lens current. The corresponding dynamics of formation and disappearance of the skyrmion bubbles with increasing applied magnetic field were successfully recorded by using in-situ Lorentz TEM (see Figure S3 , SI). Remarkably, the magnetic stripe domain structure gradually transformed into skyrmion bubbles is spotted with the magnetic field increasing from 0 to 920 Oe. At a lower magnetic field, the magnetic stripe domain parallels to external field expanding at expense with the antiparallel ones. function of temperature at a fixed magnetic field of 600 Oe, the specific field-cooling (FC) manipulation is same as our previous work. 34 Although the Lorentz-TEM image appears some scratches due to the iron milling which further results in a slightly distorting magnetization distribution, it will not affect the observation of the bubble lattices. The magnetic domain appears contrast at ~124 K (Figure 3b ) and gradually forms a single skyrmion bubble as the temperature is about 116 K (Figure 3c) . When we decrease the temperature to 93 K (below TC ~ 150 K) during the FC process, a hexagonal lattice of skyrmion bubbles is obtained as shown in Figure 3d . Most interestingly, the bubble lattices keep unchanged after turning off the field to zero (Figure 3e) . The zero-field stabilized lattice of skyrmion bubbles is probably a metastable state, during the zero-field warming (ZFW) process, as shown in Figure 3e g, causing a little bit of size decrease and then gradually changing into the stripe domains (see Supplementary Movie 2, SI). As approaching TC, whereas the magnetic contrast become weaker at ~ 134 K (Figure 3h ) due to the decreased amplitude of the magnetization and increased thermal disorder. These results are similar to the skyrmion bubble lattices reported in other centrosymmetric magnets, such as tetragonal 9 perovskite magnetites 22 and hexagonal MnNiGa alloys. 24 Thus, it turns out that the magnetic fields play a critical role during the FC process to generate the highest-density hexagonal lattice of skyrmion bubbles. On the other hand, we should point out that, after the FC manipulation, the zero-field stabilized bubble lattices are found for the entire temperature range down to 93 K. This result is similar to that MnNiGa alloy, 24 but intrinsically different from that of chiral magnets, where skyrmion phase exists only in the narrow area below TC. [35] [36] [37] In the centrosymmetric magnets, the competition between the perpendicular magnetic anisotropy and magnetic dipole-dipole interaction is the crucial point in the generation of skyrmion bubbles. As a result, the spin textures of skyrmion bubbles in these materials are highly sensitive to the direction of the applied magnetic field related to the easy-axis. 38 To examine the stability of the skyrmion bubbles observed in FGT magnet in detail, we have further preformed the FC Lorentz-TEM experiments with a fixed magnetic field of 600 Oe applied at various oblique angles, i.e., the FGT sample was tilted with α = ±20° along the x-axis and β= −10° along the y-axis, respectively. In conclusion, we have demonstrated the formation of Bolch-type skyrmions in the 2D vdW FGT crystals. Owing to their topological stability, the densely hexagonal lattices of skyrmion bubble are stable to large tilted angles at zero field after subjecting a field-cooling manipulation. The stable skyrmion bubbles lattices that we observed are important for the exploitation of 2D vdW skyrmion-based devices and are likely to have a strong effect on magnetic and magnetotransport properties in these 2D vdW crystals.
It should be point out that, during the submission of this manuscript, the Bolch-type skyrmion bubbles are also observed in another 2D vdW magnet Cr2Ge2Te6. 41 in Refs. 42, 43 and 44, respectively. We thus anticipate that the tunable nature of 2D vdW magnets will enable the formation of a wide range of topological spin textures, by varying the thickness, the spin-orbit coupling, the interfacial symmetry of heterostructure, and thereby the magnetocrysalline anisotropy and the magnetization.
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